Inactivation of the minor spliceosome has been linked to microcephalic osteodysplastic primordial 3 6 dwarfism type 1 (MOPD1). To interrogate how minor intron splicing regulates cortical development, we 3 7 employed Emx1-Cre to ablate Rnu11, which encodes the minor spliceosome-specific U11 small nuclear RNA 3 8 (snRNA), in the developing cortex (pallium). Rnu11 cKO mice were born with microcephaly, caused by death 3 9 of self-amplifying radial glial cells (RGCs). However, both intermediate progenitor cells (IPCs) and neurons 4 0 were produced in the U11-null pallium. RNAseq of the pallium revealed elevated minor intron retention in the 4 1 mutant, particularly in genes regulating cell cycle. Moreover, the only downregulated minor intron-containing 4 2 gene (MIG) was Spc24, which regulates kinetochore assembly. These findings were consistent with the 4 3 observation of fewer RGCs entering cytokinesis prior to RGC loss, underscoring the requirement of minor 4 4 splicing for cell cycle progression in RGCs. Overall, we provide a potential explanation of how disruption of 4 5 minor splicing might cause microcephaly in MOPD1. 4 6 4 7 Summary Statement. Here we report the first mammalian model to investigate the role of the minor 4 8 3 9
The requirement of minor splicing for rapidly dividing cells is reflected by the early embryonic lethality 9 9 observed after constitutive Rnu11 ablation (Fig. 1G ). Similar observations of embryonic lethality have been 0 0 reported in Drosophila and zebrafish, further underscoring the importance of proper MIG expression in cycling 0 1 stem cells (Otake et al., 2002; Markmiller et al., 2014) . Even within a progenitor pool in the developing cortex, 0 2 we observed vastly different outcomes of U11 loss, which are dependent on both progenitor cell type (RGC vs 0 3 IPC) and the type of cell division (Fig. 6 ). For example, U11-null RGCs were able to produce IPCs, while U11-0 4
null RGCs undergoing self-amplifying divisions were the first to be depleted in the U11-null pallium (Fig. 3N , 0 5 Fig. 6, Fig. S4C&D ). Notably, our data suggest that U11-null neurons are also resistant to U11 loss, since (1) 0 6 there was no significant change in neuron number in the mutant pallium between E13 and E14 (Fig. S4B ), and 0 7
(2) >95% of the cells remaining in the E14 U11-null pallium were neurons (Fig. 3G ). Together, these findings 0 8 indicate a cell type-specific susceptibility to U11 loss, with rapidly cycling, self-amplifying RGCs being the 0 9 most vulnerable and post-mitotic neurons the least (Hardwick et al., 2015) . This cell type-specificity might also 1 0 explain why constitutive, 90% loss of minor spliceosome activity in MOPD1 patients predominantly affects 1 1 development of the cortex and limbs, while the development of other tissues is unaffected (He et al., 2011) .
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RNAseq analysis revealed that overall minor intron retention was elevated in the E12 mutant pallium compared 1 3 to the control (Fig. 4D1 ). While this finding is consistent with the RNAseq performed on samples from patients 1 4 with disrupted minor intron splicing, we found that the change in the median value of minor intron retention 1 5 between the control and mutant samples was lower than reported by these groups (Fig. 4D1) (Madan et al., 1 6 2015; Merico et al., 2015) . It is possible that this difference reflects tissue specificity. Another variable in our 1 7 data is the presence of U11+ cells in the tissue dissected for RNAseq analysis (Figs 2F-F', 4A inset). Finally, 1 8 unlike patient samples that have systemic, long-term loss of minor splicing activity, we harvested the tissue for 1 9
RNAseq analysis two days post-Cre-mediated U11 ablation (Fig. 2B&F) . Therefore, the persistence of 2 0 previously spliced MIG-transcripts due to turnover kinetics in our system could contribute to the shift in the 2 1 median value (Wilusz et al., 2001) . Similar experimental issues could account for the variations in minor intron 2 2 retention that have been reported in HeLa cells treated with U6atac morpholino (Younis et al., 2013) .
3
Nevertheless, 40% of minor introns showed significantly elevated minor intron retention in the mutant 2 4 (Supplementary Data File 2). In most of these cases, one would expect that minor intron retention would 2 5 activate the nonsense-mediated decay pathway, resulting in downregulation of MIGs. However, 168 out of the 2 6
169 MIGs with significantly elevated minor intron retention in the mutant did not show the corresponding 2 7 significant downregulation at the level of gene expression (Supplementary Data File 1&2). This is in agreement 2 8 with the finding that mutation in an essential minor spliceosome component (rnpc3) in zebrafish did not affect There were 20 MIGs involved in cell cycle regulation that showed increased minor intron retention, including 3 4 the kinetochore assembly gene Spc24, which was also downregulated in the mutant (Fig. 4C&G , Table S2) 3 5 (McCleland et al., 2004) . Moreover, our observation that reduction in the RGCs undergoing cytokinesis 3 6 precedes NPC loss indicates that minor splicing loss results in cell death due to cell cycle defects (Figs 3G, 5R).
7
This finding, in combination with the observations that rapidly amplifying stem cells in early embryonic 3 8 development and rapidly dividing, self-amplifying RGCs are predominantly affected by U11 loss (Figs 1G, 3N, 3 9 S4C), suggests a connection between cell cycle speed and sensitivity to inactivation of the minor spliceosome 4 0 (Arai et al., 2011; Borrell and Calegari, 2014) . In addition to the disruption in cell cycle-regulating MIGs, our 4 1 RNAseq analysis revealed significant upregulation of p53-activated, pro-apoptotic genes (Table S1). Given that 4 2 none of these genes contain minor introns, their upregulation is likely a secondary effect, caused by minor and Schumacher, 2016). This is supported by the finding that 13 MIGs with elevated minor intron retention 4 5 enriched for the DAVID function "response to DNA damage stimulus" (Fig. 4E ). Moreover, manual curation of 4 6 the functions performed by the 169 MIGs with significantly elevated minor intron retention revealed an 4 7 additional 4 MIGs involved in various steps of the DNA damage response pathway (Table S3 ). Together, our 4 8
RNAseq findings indicate that the observed RGC death in the U11-null pallium is caused by both cell cycle 4 defects and p53 activation, likely due to DNA damage accumulation. However, given that we identified 169 5 0
MIGs with significantly elevated minor intron retention, and that these MIGs have varied functions, it would be 5 1 shortsighted to conclude that these defects are the only causes of the NPC death in the mutant pallium. It is 5 2 likely that disruption of multiple MIGs, and therefore disruption of their varied functions, contribute to the 5 3 observed NPC death. To identify a short-list of MIGs whose dysfunction may underlie this death, we 5 4 interrogated the 169 MIGs in recently published essentialome reports, which identified genes essential for 5 5 cycling cell survival in various cancer cell lines (Blomen et al., 2015; Hart et al., 2015; Wang et al., 2015) . Of 5 6 the 169 MIGs with increased minor intron retention, 17 MIGs are common to all the cycling cell essentialomes 5 7 (Table S4 ). Even within this short-list of genes, these MIGs execute various functions, including cell cycle (6 5 8 genes), RNA processing (7 genes), transcription regulation (3 genes), and translation (3 genes) (Table S4 ).
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Future investigation will both allow us to understand the impact of loss of function of these MIGs on the 6 0 observed NPC loss in the U11-null pallium, and provide insight into why neurons and NPCs undergoing 6 1 differentiative divisions are less susceptible to U11 loss. Institutional Animal Care and Use Committee. The Rnu11 conditional knockout mouse was generated by the target Rnu11 for germline ablation and for removal in the developing forebrain, respectively (Lakso et al., 1996; 7 5 Gorski et al., 2002) . All experiments were performed using Rnu11 WT/Flx and Rnu11 Flx/Flx mice that were Emx1-7 6
Cre +/-. Either 25 ng of gDNA or cDNA prepared from total RNA extracted from control (N=3) and mutant (N=4) E12 8 0 pallium were used for PCR, as described in the SI Methods. P70 control and mutant mice were anesthetized using isoflurane, followed by transcardial perfusion performed 8 4 as previously described (Gerfen, 2003) . After the brains were removed, they were fixed overnight in 4% PFA at 8 5 4°C, followed by PBS washes and cryoprotection in 30% sucrose in PBS at 4°C for two days. Following an 8 6 overnight incubation in half 30% sucrose/half OCT compound (Fisher Scientific, #23-730-571), the brains were 8 7 embedded in OCT compound and sectioned using a cryostat (Leica CM 3050 S). In Situ Hybridization 9 0 16 µm cryosections of mouse heads (for E10-E12 and P0), telencephalons (E13-E14), and whole brains (for 9 1 P21), N=3 for each time-point and genotype, were used for section in situ hybridization (SISH). SISH was 9 2 performed using antisense, digoxigenin-labeled U11 RNA probe, which was detected using either alkaline 9 3 phosphatase (AP) or fluorescent labeling (FISH), as described (Baumgartner et al., 2014) . The U11 probe was 9 4 generated using the U11 expression primers in Table S5 . Processed slides were imaged with a Leica SP2 confocal microscope, where settings for laser intensity, 0 8 excitation-emission windows, gain, and offset conditions were identical between control and mutant sections on 0 9 a given slide. For every slide that was processed for ISH, FISH, or IF, the slide contained at least one control 1 0 and one mutant section. Sections serial to those that revealed loss of U11 by ISH analysis were used for IF 1 1 staining, and images were collected in regions of the pallium that showed U11 loss in the mutant by ISH ( Fig. 1 2 2D, 2F, 2H, 2J). For each channel for every experimental condition, confocal imaging settings were optimized 1 3 for fluorescence in the control section on a given slide, and maintained for all other sections on that slide. For Photoshop was identical between images of control and mutant sections from the same slide. Manual 1 8 quantification was performed using the spot tool in the IMARIS software; statistical significance was calculated 1 9 using two-tailed student's t-tests. For analysis of NeuN+, Pax6+, and Tbr2+ cell quantification across mutant 2 0 cortical development, statistical significance was determined by one-way ANOVA, followed by the post hoc 2 1 Tukey test. Total RNA was extracted from control (N=5) and mutant (N=5) E12 pallium. Total RNA libraries were remove ribosomal RNA, and were then sequenced using Illumina NextSeq 500, which generated 151 bp reads.
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